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Developmental changes in multispecific organic anion trans- such as the urine concentrating capacity, acidification abil-
porter 1 expression in the rat kidney. ity, and glucose transport activity, are also poorly devel-
Background. The cDNA of the multispecific organic anion oped at birth [2]. Physiological studies have demonstratedtransporter 1 (OAT1) responsible for the tubular secretion of
that some of these renal functions mature rapidly duringorganic anions was recently isolated. In the current study, we
investigated the developmental changes in OAT1 expression the perinatal period. For example, the GFR increases
in the rat kidney. by twofold during the first two weeks of life [3]. Because
Methods. Ontogenic expression of rat OAT1 was investi- the kidney is the organ central to the maintenance ofgated by Northern blot, in situ hybridization, Western blot,
homeostasis, the perinatal maturation of renal functionsand immunohistochemical analysis. In addition, para-amino-
hippurate (PAH) accumulation was measured using fetal, neo- is rational for the body to adapt to extrauterine life.
natal, and adult rat kidney slices. Using the molecular cloning technique, a variety of
Results. In Northern blot analysis, OAT1 was detected as cDNA encoding transporters and channels existing inearly as on embryonic day 18 in the fetal kidney. The expression
the renal tubules have been identified, and the ontogeniclevel of OAT1 mRNA increased remarkably just after birth
(postnatal day 0). In situ hybridization revealed OAT1 expres- expression of several of these, such as the facilitated
sion on embryonic day 19. In both the fetal and neonatal kid- glucose transporters (GLUTs) [4, 5], sodium-dependent
neys, OAT1 mRNA was localized in a relatively deep region glucose transporters (SGLTs) [6], sodium/phosphatein the cortex. Western blot analysis detected OAT1 protein
transporters (Na/Pi transporters) [7], and water channelson embryonic day 20, and the expression level increased after
birth. Immunohistochemical analysis did not reveal OAT1 (aquaporins) [8], has been reported. These studies dem-
staining in the fetal kidneys. A faint signal of OAT1 protein onstrate that the developmental pattern of expression
was detected on postnatal day 0; thereafter, the expression differs among membrane proteins, and the results havelevel increased. In the functional study using kidney slices, low
substantiated the molecular mechanisms underlying thebut definite probenecid-sensitive PAH accumulation was noted
in fetal rat kidney on embryonic day 20. After birth, probene- physiological observations on the maturation of renal
cid-sensitive PAH uptake was increased. functions.
Conclusions. The present study consistently demonstrates Tubular secretion of organic anions is one of the essen-the remarkable increase of OAT1 expression after birth, and
tial functions of the kidney and has been extensively char-the immature excretory capacity of the proximal tubules of the
neonatal kidney can be attributed, at least in part, to the low acterized using para-aminohippurate (PAH) as a proto-
expression level of OAT1. typical substrate [9–12]. A variety of xenobiotics, toxins,
endogenous compounds, and their metabolites are classi-
fied as organic anions, many of which are eliminated via
Renal function is not mature at the time of birth [1]. a carrier-mediated pathway(s) of the proximal tubules. A
In humans, the glomerular filtration rate (GFR) in the number of drugs, such as b-lactam antibiotics, diuretics,
newborn is 50 6 5 mL/min/1.73 m2. Tubular functions, nonsteroidal anti-inflammatory drugs (NSAIDs), and sev-
eral antiviral drugs are also classified as organic anions;
1 See Editorial by Sasaki, p. 1772. therefore, the renal organic anion transport pathway
plays a key role in the pharmacokinetics of these drugsKey words: p-aminohippurate, ontogenic expression, tubular secretion,
OAT1, transport, development, renal function. [10, 11]. Recently, a cDNA encoding the renal organic
anion transporter 1 (OAT1) was isolated from rat kidneyReceived for publication April 26, 1999
[13, 14]. OAT1 is located on the basolateral membraneand in revised form September 28, 1999
Accepted for publication November 2, 1999 of the middle proximal tubule [15] and mediates the
accumulative transport of organic anions from the peri-Ó 2000 by the International Society of Nephrology
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tubular fluid. OAT1 transports endogenous compounds phate dehydrogenase (GAPDH) cDNA labeled with [32P]
such as prostaglandins, cAMP, cGMP, urate and dicar- dCTP was used to probe each membrane. The expression
boxylates, and exogenous substances, including b-lactam level of OAT1 was estimated with a phosphoimage ana-
antibiotics, NSAIDs, and methotrexate [13]. From these lyzer (BAS 2000; Fuji X, Tokyo, Japan) and normalized
findings, we inferred that OAT1 is a main organic anion by the expression level of GAPDH. The signal intensity
transporter of the kidney. of each RNA sample corresponding to OAT1 was ex-
In the present study, we investigated the develop- pressed as a percentage of that on postnatal day 0.
mental changes in OAT1 expression by Northern hybrid-
In situ hybridizationization, in situ hybridization, Western blot, and immuno-
histochemical analysis. PAH accumulation in fetal, The adult rat kidney was perfused with 4% paraform-
neonatal, and adult rat kidney slices was also determined. aldehyde (PFA) in phosphate-buffered saline (PBS), ex-
The results revealed a low level of OAT1 mRNA and cised, and fixed in 4% PFA. The kidneys of rats at various
protein expression in the fetal kidney. Both OAT1 mRNA developmental stages were fixed in 4% PFA solution
and protein expression increased dramatically immedi- without perfusion fixation. Five micrometers of frozen
ately after birth. kidney sections were prepared, heated at 428C for five
minutes, fixed in 4% PFA in PBS at 48C for 15 minutes,
and washed two times with PBS. Tissues on the slideMETHODS
were incubated with proteinase K (0.02% in PBS) atAnimals
378C for 7.5 minutes, rinsed with PBS, and incubated in
Sprague-Dawley rats at various developmental stages 4% PFA. After being treated with 0.1 mol/L triethano-
were purchased from Saitama Experimental Animal Co., lamine (pH 8.0) and rinsed with PBS, the tissues were
Ltd. (Saitama, Japan). All of the adult rats used for the dehydrated in a graded ethanol series and air dried. Each
study were male and weighed 200 to 300 g. tissue was loaded with 15 mL of hybridization solution
containing 2.0 million cpm of [35S] UTP-labeled OAT1Isolation of RNA
sense and antisense cRNA, and each was incubated at
After anesthetizing the rats by intraperitoneal injec- 508C overnight in a humidified box. The sense and anti-
tion with pentobarbital, the kidneys were immediately
sense cRNA labeled with [35S] UTP was synthesized from
excised and frozen in liquid nitrogen. Two grams of the
the full-length OAT1 cDNA (in pBlueScript SK-) usingfrozen tissues were homogenized in 20 mL of GITC buffer
T7 or T3 RNA polymerase after linearization of plasmid(5.5 mol/L guanidine thiocyanate, 0.5% Na-N-lauryl sar-
DNA with Spe1 or Xho1, respectively. Each synthesizedcosine, 25 mmol/L Na citrate, 100 mL 2-mercaptoethanol,
cRNA was degraded by partial hydrolysis for 45 minutes.pH 7.0), and total RNA was obtained by ultracentrifuga-
The tissues were then washed to a final stringency oftion using CsTFA solution (Pharmacia, Uppsala, Swe-
0.1 3 SSC at 378C for 30 minutes.den). Poly (A)1 RNA was purified with oligo(dT) col-
umn (Pharmacia). For the experiment shown in Figure 2, Western blot analysis
total RNA was purified using ISOGEN (Wako Pure
Plasma membrane fractions were prepared from ratChemical Industries, Ltd., Osaka, Japan).
kidneys of embryonic day 20, postnatal day 2, day 6, and
adult. The whole kidney of each developmental stageNorthern hybridization
was homogenized in 2.1 mol/L sucrose solution with aThree micrograms of poly (A)1 RNA prepared from
Teflon-glass tissue homogenizer, and homogenates wererat kidneys of various developmental stages were electro-
centrifuged at 8000 3 g for 10 minutes. The supernatantsphoresed in a 1% agarose/formaldehyde gel and trans-
were then centrifuged at 100,000 3 g for one hour, andferred onto a nitrocellulose membrane. The filter was
the pellets containing the crude membrane fractionshybridized at 378C overnight in a hybridization solution
were resuspended in 2.1 mol/L sucrose solution. Three[50% formamide/5 3 standard saline citrate (SSC)/3 3
milliliters of sample were overlaid with 3 mL of 1.25Denhardt’s solution/0.2% sodium dodecyl sulfate (SDS)/
mol/L and 1.5 mL of 0.25 mol/L sucrose solution and10% dextran sulfate/0.3 mg/mL denatured salmon sperm
were further centrifuged at 75,000 3 g for 16 hours. TheDNA/2.5 mmol/L sodium pyrophosphate/25 mmol/L
plasma membrane fraction existing between 1.25 andMES/0.03% Antifoam A, pH 6.5) with full-length OAT1
0.25 mol/L sucrose solution was then collected, dilutedcDNA labeled with [32P] dCTP. The filter was washed
five times with 10 mmol/L Tris-HCl (pH 7.5) solution,finally in 0.1 3 SSC, 0.1% SDS at 658C.
and further centrifuged at 75,000 3 g for one hour. AllIn the experiment shown in Figure 2, 20 mg of total
of the centrifugations were performed at 48C. Then, theRNA were used instead of poly (A)1 RNA. Three inde-
pellet was resuspended in 10 mmol/L Tris-HCl (pH 7.5)pendent experiments were performed using total RNA
solution and was used for Western blot analysis. Thederived from different animals. To confirm the amount
of total RNA loaded in each lane, glyceraldehyde 3-phos- samples were diluted with equal volume of 2 3 sample
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Fig. 1. Northern blot analysis of organic anion transporter 1 (OAT1)
in the kidneys of rats of various developmental stages. Three micro-
grams of poly (A)1 RNA prepared from the kidneys of fetal (embryonic
days 17 to 20), neonatal (postnatal days 0 to 6), and adult rats were
hybridized with full-length OAT1 cDNA as described in the Methods
section.
buffer (0.1 mol/L Tris-HCl, pH 6.8, 4% SDS, 12%
b-mercaptoethanol, 20% glycerol, and 0.05% bromphenol
blue). Samples containing 10 mg of protein were applied
to a 10% gel, separated by SDS-polyacrylamide gel elec- Fig. 2. Developmental expression pattern of OAT1 RNA in the rat
kidneys. Twenty micrograms of total RNA prepared from fetal, neo-trophoresis, and then electroblotted to nitrocellulose
natal, and adult rat kidneys were hybridized with OAT1 and GAPDH.membranes. The nitrocellulose membranes were incu- The radioactivity was measured with a phosphoimage analyzer. The
bated with 5% nonfat dry milk in Tris-buffered saline amount of RNA loaded was normalized to the GAPDH expression
level. Each value was expressed as a percentage of that on day 0. Thecontaining 0.1% Tween 20 (TBST) for one hour. The
data are mean 6 SEM of three different experiments.membranes were then incubated with a polyclonal anti-
body raised against rat OAT1 oligopeptide (1:1000 dilu-
tion) for one hour [15]. After being rinsed with TBST,
membranes were incubated for one hour with horserad- ate). Two-micrometer thick sections were prepared, and
ish peroxidase-labeled antirabbit IgG antibody (1:200 after being dewaxed, the sections were incubated in 3%
dilution). After being rinsed with TBST, blots were pro- H2O2 for 15 minutes to eliminate endogenous peroxidase
cessed for detection using Renaissance Western Blot activity. Blocking was performed with 10% goat serum
Chemiluminescence Reagent (NEN, Boston, MA, USA). for 20 minutes. Then the sections were incubated with
To investigate the specificity of the band, an absorption the same polyclonal antibody used for Western blot anal-
analysis was performed. OAT1 peptide (50 mg/mL) was ysis at a dilution of 1:2000 for two hours. Thereafter,
added to the polyclonal antibody and incubated for one they were rinsed with TBST and incubated with Envision
hour. Using this preabsorbed antibody, Western analysis (1) rabbit peroxidase (Dako, Carpinteria, CA, USA)
was performed as described previously in this article. for one hour. After being treated with diaminobenzidine
Western blot using the rat liver membrane fraction was (0.8 mmol/L; Dojindo Laboratories, Kumamoto, Japan),
also performed to confirm the specificity of the band. the sections were counterstained with hematoxyline and
examined under a light microscope.
Immunohistochemical analysis
Para-aminohipurate uptake experimentAfter anesthetizing the rats, their kidneys were per-
fused in situ with periodate-lysine-paraformaldehyde The kidney slices of 100 mm thickness of adult rats
(PLP) solution (10 mmol/L NaIO4, 75 mmol/L lysine were prepared using a microslicer (DTK-3000 W; Do-
hydrochloride, 37.5 mmol/L phosphate buffer with 2% han, Kyoto, Japan). The slices contained all layers of the
PFA, pH 6.2) and excised. Fetal kidneys were removed kidney (from the superficial cortex to the inner medulla).
without perfusion fixation. Kidney slices (2 to 3 mm in The kidneys of the rats at various developmental stages
thickness) were fixed in PLP solution at 48C overnight (embryonic day 20 and postnatal days 1 and 6) were
manually sectioned into slices that included all of theand embedded in wax (polyethylene glycol 400 distear-
Nakajima et al: Ontogenic expression of OAT1 1611
Fig. 3. In situ hybridization of OAT1 in fetal, neonatal, and adult rat kidneys. (A) Embryonic day 19 (E19, 320). (B) E19 (320), sense probe.
(C) E19 (340). (D) E20 (320). (E) E20 (340). (F) Postnatal day 0 (P0, 320). (G) Adult (320).
layers. The PAH uptake experiment was performed as Statistics
described elsewhere [16], with some modification. The In the experiment shown in Figure 6, the differences
slices were incubated for 30 minutes at 378C in a 24-well in probenecid-sensitive PAH accumulation were ana-
plate containing 1 mL per well of the uptake medium lyzed by the Student’s nonpaired t-test.
(134 mmol/L NaCl, 5.9 mmol/L KCl, 1.5 mmol/L CaCl2,
1.2 mmol/L MgCl2, 11.5 mmol/L glucose, 5.8 mmol/L
HEPES, and 10 mmol/L sodium acetate) bubbled with RESULTS
oxygen. The uptake medium contained 10 mmol/L [14C]
Northern blot analysis of organic anion transporter 1PAH with or without 1 mmol/L probenecid. The incuba-
in the kidneys of rats at various developmental stagestion was terminated by washing the wells five times with
Poly (A)1 RNA (3 mg) prepared from the kidneys ofice-cold uptake media, and the kidney slices were trans-
rats at various developmental stages was probed withferred to the scintillation vial. After solubilizing with
10% SDS, the radioactivity of each slice was counted. [32P]-labeled OAT1 cDNA. As shown in Figure 1, OAT1
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mRNA was detected faintly as early as embryonic day
18, but the level of expression of OAT1 remained low
until birth. On the day of birth (postnatal day 0, around
12 hours after birth), the expression level of OAT1 in-
creased dramatically and thereafter remained high until
postnatal day 2. On postnatal day 6, the OAT1 expres-
sion level decreased slightly. In the adult rat kidney, the
expression level of OAT1 mRNA was comparable to
that on postnatal days 1 and 2.
In the experiment shown in Figure 2, OAT1 expression
was quantitated with a phosphoimage analyzer. Twenty
micrograms of total RNA were prepared and probed
with OAT1 cDNA. Each value was normalized to the
expression of level of GAPDH and expressed as a per-
centage of that on postnatal day 0. The expression level
of OAT1 mRNA was low before birth (25.5 to 32.4%
on that of postnatal day 0) and increased on day 0. The
expression levels of OAT1 mRNA on postnatal days 1,
2, and 6 and in the adult were also higher than that of
embryonic day 20. The overall pattern of change in
OAT1 expression, as determined by the total RNA, was
consistent with that shown in Figure 1.
Fig. 4. Western blot analysis of OAT1. (A) OAT1 protein was detectedIn situ hybridization as an approximately 77 kD protein in the adult rat kidney, but not in
the liver. This band was totally abolished by pretreatment of antibodyTo localize the OAT1 mRNA expression in the prena-
with OAT1 oligopeptide. (B) A very low OAT1 expression was detectedtal and postnatal rat kidney, we performed in situ hybrid- in the rat kidney of embryonic day 20 rats, and OAT1 expression
ization of OAT1 (Fig. 3). In the adult kidney, OAT1 increased just after birth.
mRNA was detected exclusively in the cortex (Fig. 3G),
and its localization covers from outer to inner cortex. In
the fetal kidney, OAT1 mRNA was clearly demonstrated
Immunohistochemical analysis of organic anionon embryonic day 19 (Fig. 3 A, C) and embryonic day
transporter 120 (Fig. 3 D, E). The control experiment using the sense
In the immunohistochemical analysis, specific immuno-OAT1 probe showed no positive signal (Fig. 3B). The
staining for OAT1 was observed in the basolateral mem-localization of OAT1 in the fetal kidney, however, was
brane of the proximal tubule S2 segments of the rat adultdistinct from that in the adult kidney. In the embryonic
kidney (Fig. 6 C, D). In the fetal kidney of embryonickidney, OAT1 expression was observed in a relatively
day 19 and day 20 rats, we could not detect a definitecentral region of the kidney and not just below the renal
expression of OAT1 (Fig. 5 A, B); however, on postnatalcapsule. In the kidney of postnatal day 0 rats, we could
day 0, a very faint OAT1 staining was detected at theclearly distinguish the cortex and the medulla, and the
basolateral membrane of the proximal tubule (Fig. 5 C,localization of OAT1 mRNA was restricted to the inner
D). The level of expression of OAT1 increased aftercortex (Fig. 3F).
birth. On postnatal day 2, OAT1 staining became appar-
Western blot analysis ent (data not shown). On postnatal day 6, the definite
expression of OAT1 protein was observed (Fig. 6 A, B).Ontogenic expression of OAT1 was examined also
Consistent with the results obtained by in situ hybridiza-by Western blot analysis (Fig. 4). An antiserum raised
tion, OAT1 staining was not detected in the superficialagainst 14 amino acids of the C-terminus of OAT1 recog-
cortex until postnatal day 6. On postnatal day 10, thenized an approximately 77 kD protein in adult rat kidney,
localization of OAT1 in the kidney became nearly identi-but not in liver (Fig. 4A, left half). When the polyclonal
cal to that in the adult kidney (data not shown).antibody was pretreated with OAT1 oligopeptide, the
approximately 77 kD band disappeared, suggesting that
Change in PAH uptake in rat kidney slices atthis band corresponds to OAT1 protein.
different developmental stagesAs shown in Figure 4B, the low level of OAT1 expres-
To examine organic anion transport in the fetal andsion was detected already in embryonic day 20. The
neonatal kidneys, [14C] PAH accumulation was measuredOAT1 expression increased after birth (postnatal day
2 , day 6) and remained at a high level in adult kidney. using rat kidney slices. Figure 7 shows the probenecid-
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Fig. 5. Immunohistochemical analysis of OAT1 in the kidney of fetal and neonatal rats. (A) Embryonic day 19; tubules are morphologically
immature, and OAT1 is not detected. (B) Embryonic day 20; no definite OAT1 staining is observed. (C) Postnatal day 0; a faint OAT1 signal is
detected in the inner cortex, as pointed out by the arrows. (D) Postnatal day 0; in the high-power field, the basolateral localization of OAT1 is
clearly demonstrated. (A and B, 3100; C, 340; D, 3400.)
sensitive PAH accumulation in kidney slices (pmol/mg DISCUSSION
wet wt). The adult kidney slices showed a high level of While numerous physiological studies concern the re-
PAH accumulation, which was inhibited by probenecid nal secretory pathway of organic anions [9–12], knowl-
[probenecid (1), 4.04 6 0.78 pmol/mg wet wt vs. proben- edge on the maturation of the renal organic anion trans-
ecid (2), 16.76 6 3.3 pmol/mg wet wt]. In the fetal kidney port pathway remains limited. Hirsch and Hook reported
of embryonic day 20 rats, low but significant probenecid- that renal PAH transport activity increased rapidly from
sensitive PAH accumulation was observed [probenecid birth to four weeks from a study using the rabbit kidney
(1), 2.56 6 0.12 pmol/mg wet wt vs. probenecid (2), slices [17]. Alexander and Nixon investigated PAH clear-
7.11 6 0.26 pmol/mg wet wt]. In accordance with these ance in the fetuses and neonates of sheep and reported
data on OAT1 expression, probenecid-sensitive PAH a rapid increase in PAH clearance during the first several
days after birth [18]. In the present study, we investigatedaccumulation increases after birth.
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Fig. 6. Immunohistochemical analysis of OAT1 in postnatal day 6 and adult rat kidney. (A) At postnatal day 6, OAT1 staining is abundant;
however, it is not observed just below the renal capsule. (B) Postnatal day 6; high-power field. (C) Adult rat; OAT1 staining cover from outer to
inner cortex. (D) Adult rat in high-power field. A and C, 320; B and D, 3100.
the developmental changes in the expression of a re- ished, and the neonates abruptly confront the necessity
to excrete toxic compounds by themselves. The dramaticcently isolated renal PAH transporter, OAT1. In the
fetal kidney, OAT1 mRNA was detected as early as increase in the OAT1 expression level in the neonatal
kidney therefore seems to be rational for the mainte-embryonic day 18, and OAT1 protein was detected al-
ready on embryonic day 20, although the expression level nance of homeostasis. It would be of great interest to
clarify whether this increase in OAT1 expression levelwas low. OAT1 expression increased dramatically in both
the mRNA and protein level just after birth. Thus, the is a genetically programmed sequence or the result of
induction by the organic anions that are produced andontogenic expression of OAT1 seems to be consistent
with the maturation of PAH transport activity observed accumulate in the newborn. At the moment, the mecha-
nisms underlying this increase in OAT1 expression levelin previous studies.
The dramatic increase in the OAT1 expression level around the perinatal period remain to be elucidated.
The present study demonstrated the probenecid-sensi-during the perinatal period is an interesting issue in the
study of the renal handling of organic anions. In the tive PAH accumulation in the fetal rat kidney slices (Fig.
7). In the report by Alexander and Nixon, the PAHuterus, the fetus exchanges its nutrients and waste prod-
ucts with the mother via placental circulation. Therefore, clearance rate was slightly higher than the GFR in the
fetal kidney of sheep [18]. These results suggest the exis-the requirement of the fetal kidney as an excretory organ
is comparatively small. However, harmful substances, tence of tubular transport activity for PAH in the fetal
kidney. In the present study, Northern blot analysis, inincluding organic anions, are continuously produced even
in the fetus. After birth, placental circulation is abol- situ hybridization, and Western blot analysis revealed a
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anion transporter family exists, the oatp (organic anion
transporting polypeptides) family, and three members,
namely, oatp1 [21], oatp2 [22], and oatp3 [23], have been
identified thus far. Dubuisson et al reported that very
faint oatp1 mRNA expression was detected in embryonic
day 16 rats, and the level of expression remained un-
changed during the perinatal period [24]. The expression
level of oatp1 mRNA increased significantly after birth,
and a further dramatic increase was observed after wean-
ing (day 28). Dubuinsson et al discussed the inducible
effect of bile salts around the weaning period, because
at this time serum bile acids attain their peak concentra-
tions [24]. They also referred to the different regulation
of oatp1 transcription in the kidney, where no significant
increase in oatp1 expression was detected after birth.
Thus, the developmental pattern of expression differs re-
markably among organic anion transporters.
In the present study, OAT1 was detected as an approx-
imately 77 kD sized protein (Fig. 4). This molecular
size differs from the result of the previous study, where
OAT1 was detected as a 57 kD protein [15]. This discrep-
Fig. 7. PAH accumulation in rat kidney slices at different develop- ancy might be partly caused by the differences in the
mental stages. Ten mmol/L [14C] PAH uptake in the rat kidney slices preparation of protein samples from the kidney; in theof embryonic day 20, postnatal days 1 and 6 and adult rats was measured
present study, we enriched the plasma membrane frac-in the absence and presence of 1 mmol/L probenecid. The value was
expressed as probenecid-sensitive PAH accumulation (pmol/30 min/mg tion to increase the sensitivity of the Western blot analysis.
wet wt). *P , 0.05 vs. embryonic day 20. At the moment, however, we cannot explain this discrep-
ancy adequately. The approximately 77 kD protein de-
tected in this study seems to correspond to the glycosy-
lated form of OAT1. In the outer cellular loop of ratlow but definite expression of OAT1 in the fetal kidney.
Thus, it is likely that OAT1 already functions in the fetal OAT1 between first and second membrane-spanning do-
main, four consensus sequences for N-glycosylation exist.kidney, and the PAH transport activity of the prenatal
kidney may be attributable to OAT1. Another possibility Actually, N-glycosylation of mouse OAT1 was predicted
in the in vitro translation study [25].exists, however. We have already identified OAT iso-
forms, namely OAT2 [19] and OAT3 [20], which possess From the pharmacokinetic point of view, low rates of
drug excretion have been recognized in the neonatal kid-the ability to mediate PAH transport and are expressed
in the adult kidney. In particular, OAT3 is abundantly ney, especially in premature infants. Therefore, caution
must be exercised in drug administration to the newborn.expressed in the adult kidney and mediates the probene-
cid-sensitive PAH transport. Another isoform(s) of OAT1 Since the GFR in the neonate is low compared with that
in the adult, the reduced renal excretion rate of drugsmight be dominant in the fetal kidney, but this must await
further studies concerning the ontogenic expression of is often explained by the low GFR [1–3, 26–28]. As stated
previously in this article, not only filtration but also tubu-OAT2 and OAT3.
At birth, the rat kidney is morphologically immature. lar secretion plays a key role in the renal excretion of
anionic drugs, and OAT1 is assumed to be the mainIn the rat kidney, nephrogenesis is considered complete
at approximately 10 to 14 days after birth. There are organic anion transporter in the kidney. The low expres-
sion level of OAT1 protein around the perinatal periodvarious stages of development of tubules in the rat kid-
ney during the perinatal period. In general, the morpho- may, in part, account for the low rates of renal drug
excretion in the newborn.logical differentiation of proximal tubules occurs from
the inner cortex to the outer cortex. It must be noted In conclusion, we investigated the ontogenic expression
of OAT1 and demonstrated the time-related expressionthat the expression of OAT1 in the perinatal rat kidney
is localized only to the tubules of the inner cortex. Thus, of OAT1 in the kidney during development. The expres-
sion level of OAT1 protein was low at birth and increasedthe expression level of OAT1 accompanies the morpho-
logical differentiation of the tubules. The result implies dramatically during the perinatal period. This study pro-
vides a molecular basis for the development of tubularthat the secretory pathway of organic anions is a differen-
tiated function of the proximal tubules. secretion of organic anions. Furthermore, the results may
provide insights into the pharmacokinetics of anionicBesides the OAT family, a distinct multispecific organic
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